Summary: There is an urgent need for new clinically applicable drug-delivery methods to enhance accumulation of immuneactivating drugs in tumors. We synthesized a poly(L-glutamic acid)-CpG ODN2216 conjugate (PG-CpG) and injected it intratumorally into C57BL/6 mice bearing subcutaneous B16-ovalbumin melanoma. PG-CpG elicited the same potent antitumoral activity as CpG with respect to reducing tumor growth and triggering antigen-specific CD8 + T-cell responses in this wellestablished solid tumor model. Moreover, PG-CpG was retained significantly longer in both tumor and draining lymph nodes than was free CpG after intratumoral injection. Specifically, 48 hours after injection, 26.5% ± 16.9% of the injected PG-CpG dose versus 4.72% ± 2.61% of free CpG remained at the tumor, and 1.53% ± 1.22% of the injected PG-CpG versus 0.37% ± 0.33% of free CpG was retained in the draining inguinal lymph nodes. These findings indicate that PG is an effective synthetic polymeric carrier for delivery of immunostimulatory agents to tumors and lymph nodes.
T he Toll-like receptor (TLR) family consists of 13 different receptors that recognize microbial DNA and RNA structures. 1,2 TLR ligands can be used as immunomodulators in tumors, where they elicit a potent immune response similar to the one that would be triggered if a foreign pathogen were present. It was previously reported that intratumoral injection of TLR9 agonist CpG enhanced the efficacy of CD8 + T-cell-mediated killing in a mouse model of melanoma. 3 Specifically, A-class CpG oligonucleotides, such as ODN2216, induce robust production of type I interferon by plasmacytoid dendritic cells (pDCs) and highly stimulate natural killer (NK) cells but have little stimulatory effect on B cells.
The route of administration of CpG affects its antitumor efficacy and its toxicity. Free CpG and other stable phosphorothioate oligonucleotides administered by intravenous injection are cleared rapidly and have a broad tissue distribution. 4, 5 These properties are thought to contribute to the failure of systemically administered free CpG in human volunteers. 6 Furthermore, systemically administered free CpG can induce nonspecific immune activation leading to severe side effects, including immune cell exhaustion, destruction of lymphoid follicles, liver damage, and exacerbation of autoimmune diseases. [7] [8] [9] Studies have shown that intratumoral injection of CpG significantly enhances its antitumor effect, through "focusing" the immune stimulation in tumors and draining lymph nodes. 3 However, it is difficult to control the retention time of CpG injected into tumors and lymph nodes; free CpG can still be absorbed to the circulation through diffusion.
To overcome these problems, we developed a biocompatible, biodegradable polymer platform based on poly(L-glutamic acid) (PG) to direct and control the release of CpG at tumor sites. PG is a unique synthetic polymer with naturally occurring L-glutamic acid linked together through an amide bond backbone. The polymer is watersoluble owing to the pendent free g-carboxyl groups, which also enable chemical conjugation of drug molecules. A PGpaclitaxel conjugate developed in our laboratory, in which paclitaxel is covalently linked at the 2 0 -hydroxyl group by an ester bond to L-PG, has shown significant antitumor activity in a variety of preclinical animal tumor models and in early phase I trials. [10] [11] [12] [13] PG is biodegradable, and versatile chemistry is available for the synthesis of PG-based polymeric drugs with controlled molecular weight and degradability. [14] [15] [16] [17] These features make PG a promising candidate for a carrier of CpG. PG conjugated with a nearinfrared (NIR) dye and DTPA-Gd has previously been shown to be localized to sentinel lymph nodes after subcutaneous injection in both normal mice and tumor-bearing mice with lymph node metastasis. 15 The pattern of contrast enhancement of sentinel lymph nodes visualized on NIR fluorescence imaging showed distribution of the polymer to the subcapsular sinus and cortex/paracortex zone of lymph nodes. 15 In the study reported here, we investigated the use of poly(L-glutamic acid)-CpG ODN2216 conjugate (PG-CpG) for activation of antitumor immunity in a mouse model of melanoma. Our data showed that PG-CpG triggered both innate and antigen-specific CD8 + T-cell responses against an established B16-ovalbumin (B16-OVA) subcutaneous tumor, suppressing tumor growth. Moreover, PG-CpG had better tumor retention than CpG and accumulated in tumor-draining lymph nodes.
MATERIALS AND METHODS

Synthesis of PG-CpG and PG-CpG-NIR813
PG (weight-average molecular weight, B56 kDa; number-average molecular weight, B33.1 kDa; degree of polymerization, 219; Sigma, St Louis, MO) was first reacted with N-(2-aminoethyl)maleimide (Sigma) in the presence of N-hydroxysulfosuccinimide (Sigma) and N-(3-dimethylaminopropyl)-N 0 -ethylcarbodiimide (EDC; Sigma). CpG oligonucleotide (ODC 2216) with 3 0 terminal-amino group (5 0 -EEGGGACGATCGTCEEEEG-3 0 -NH 2 , CpG-3 0 -NH 2 ; Invitrogen, Chicago, IL) was reacted with N-succinimidyl S-acetylthioacetate (SATA; Pierce, Philadelphia, PA) to introduce a thio group on the 3 0 terminus. The 3 0 -acetylthio group was deprotected by hydroxylamine (50 mM), and then CpG was added to maleimide-modified PG solution. The reaction mixture of CpG and maleimido-PG was incubated at 41C overnight. The purity of PG-CpG was examined by gel electrophoresis. Free CpG (CpG-3 0 -NH 2 ), CpG-3 0 -acetylthioacetamide (CpG-3 0 -SATA), and purified PG-CpG were loaded onto 15% polyacrylamide-urea gel and stained with SYBR Gold stain. The CpG concentration was measured by using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA). PG alone had negligible absorption at the wavelength used in measurement. To validate the measurement, CpG with known concentrations was used as a standard. Taking the molecular weight of CpG as 6088, molecular weight of PG as 33,100, and the weight percentage of CpG in PG-CpG as "n," the number of CpG molecules per polymer chain "x" was calculated using the formula: x = 33,100 Ân/6088(1 Àn).
NIR813 dye was synthesized according to previously described procedures. 15 For conjugation to PG-CpG, NIR813 (0.5 mg) in 0.1 mL of dimethyl sulfoxide was added to a solution of PG-CpG (10 mg) in 0.1 M MES buffer (1 mL) in the presence of EDC. The reaction mixture was stirred at 41C overnight while protected from light. The crude product was filtered through a 0.2 mm filter and purified by dialysis against deionized water. PG-CpG-NIR813 was obtained as a dark blue power after lyophilization. The conjugate contained about 4% (wt/wt) NIR dye.
Radiolabeling of CpG and PG-CpG
For 111 In labeling of CpG, the 3 0 -amino terminus of CpG was modified with radiometal chelator by reaction with 2-(4-isothiocyanatobenzyl)-diethylenetriaminepentaacetic acid (p-SCN-Bn-DTPA; Macrocyclics, Dallas, TX). The unreacted p-SCN-Bn-DTPA was removed by using a PD-10 column (GE Healthcare, Wauwatosa, WI).
111 InCl 3 (1 mCi) (Perkin Elmer, Waltham, MA) in 0.1 M sodium acetate was added into CpG-3 0 -DTPA (50 mg), and the mixture was incubated for 30 min at room temperature. Free 111 In was removed by using a PD-10 column, which yielded 0.8 mCi of 111 In-DTPA-CpG. Radiochemical purity was monitored by high-performance liquid chromatography (HPLC) with a poroshell 300SB C-18 column (Agilent, Santa Clara, CA) and a radiodetector.
For
111 In labeling of PG-CpG, PG was attached to DTPA as previously described. 18 The loading ratio of DTPA to PG was 1 mol of DTPA to 20 mol of carboxylic units in the polymer. For coupling of CpG to PG, N-(2-aminoethyl)maleimide was conjugated to the polymer side chain through the carboxylic group. Then CpG-3 0 -thio obtained from reaction of CpG-3 0 -NH 2 with SATA was conjugated to PG polymer. DTPA-PG-CpG (54 mg of conjugate, 27 mg equivalent of CpG) was labeled with 1 mCi of 111 InCl 3 . Radiochemical purity was monitored by HPLC.
Mice
Female C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME), approximately 2-3 months old at time of use, were housed in pathogen-free animal facilities at The University of Texas MD Anderson Cancer Center. All procedures were performed according to Institutional Animal Care and Use Committee-approved protocols.
Evaluation of Ex Vivo Immunostimulatory Activity
To ensure that conjugation of CpG to PG polymer did not adversely affect CpG's immunostimulatory ability, we stimulated mouse splenocytes with various concentrations of PG-CpG, CpG, and PG in vitro. Spleens were removed from euthanized mice and mashed through 70 mm filters. The single-cell suspensions of splenocytes were washed with phosphate-buffered saline (PBS), and 10 6 cells were combined with various concentrations of PG-CpG, CpG, and PG (1.56-100 mg/mL) in RPMI 1640 medium with 10% fetal bovine serum and 1% penicillin-streptomycin (Mediatech Inc., Manassas, VA) for 24 hours at 371C. Phorbol 12-myristate 13-acetate/ionomycin were used as a positive control. Activation of NK cells and macrophages was measured by flow cytometry with the following gating strategy: leukocytes were gated from forward scatter versus side scatter plots, and then live cells were gated as aquanegative cells (Live/Dead Aqua stain; Invitrogen, Eugene, OR) and NK1.1 + cells (NK cells) and CD11b + cells (macrophages) were plotted versus the lymphocyte activation marker CD69 (antibodies from eBiosciences, San Diego, CA). The mean fluorescence intensity (MFI) of CD69 expression was used to represent the immunostimulatory activity of PG-CpG and CpG.
Evaluation of Antitumor Activity and Melanoma-specific CD8 + T-cell Response C57BL/6 mice bearing subcutaneous B16-OVA melanoma tumors (average diameter, 4-6 mm) were randomly assigned to different treatment groups (5 mice each). Mice in each group underwent intratumoral injection of PBS, CpG, PG-CpG, or PG on days 1, 7, and 10 at a dose of 50 mg equivalent CpG per injection (150 mg equivalent PG) in 100 mL volume. Tumor size was measured starting on day 8 (day 7 after first injection) and then every 2-3 days until day 16. The longest length (a) and the length perpendicular to the longest length (b) were used in the formula V = ½a(b) 2 to obtain the tumor volume in mm 3 . Peripheral blood was obtained from each mouse on days 3, 7, 9, 12, and 16 for assessment of OVA-specific CD8 + T cells by flow cytometry. Lymphocyte and live/dead gating were performed as described in the preceding section, and then tumor-specific T cells were gated as OVA-specific tetramer (OVA257-264 peptide-loaded tetramers; Pharmingen, San Jose, CA) versus CD8 + cell populations.
Biodistribution
C57BL/6 mice were inoculated subcutaneously with 5 Â 10 5 B16-OVA melanoma cells. When tumors reached 6-8 mm in diameter, mice were divided into 2 groups with 6 mice each.
111 In-CpG (3 mg, 50 mCi) or 111 In-PG-CpG (3 mg equivalent CpG, 50 mCi) was injected directly into the tumor (10 mL). At 24 and 48 hours after injection, mice were killed. Tumors, blood, and organs, including heart, liver, spleen, kidney, and lymph nodes, were removed from each mouse. The tissues were weighed, and radioactivity of each tissue was measured by using a Cobra auto-gamma counter (Perkin Elmer). The data are expressed as percentage of the injected dose in each organ tissue.
Micro Single-photon Emission Computed Tomography/Computed Tomography (SPECT/CT) Imaging C57BL/6 mice bearing subcutaneous B16-OVA tumors underwent intratumoral injection of 111 In-CpG (6 mg, 100 mCi) or 111 In-PG-CpG (3.5 mg equivalent of CpG, 100 mCi). At 24 and 48 hours after radiotracer injection, SPECT/CT images were acquired with a FLEX X-O.X micro-SPECT imaging system (Gamma Medica-IDEAS, Northridge, CA). The SPECT and CT images were reconstructed and merged by using X SPECT Fusion 2 software (Gamma Medica-IDEAS).
Fluorescence Imaging
B16/F10 melanoma cells (5 Â10
5 ) were subcutaneously inoculated in the front right leg of C57BL/6 mice. PG-CpG-NIR813 was intratumorally injected at 10 days after inoculation. At 4 hours after injection, the mice were killed, and tumors were dissected for frozen sectioning. For macrophage staining, the tissues were stained with rat anti-mouse CD68 polyclonal antibody (1:100) followed by Texas redconjugated goat anti-rat IgG (1:700). For pDC staining, the tissues were stained with biotin-conjugated anti-BDCA-2 monoclonal antibody (1:100) followed by Alexa Fluor 594-conjugated streptavidin (1:700). The cell nuclei were counterstained with 4 0 ,6-diamidino-2-phenylindole. The slices were examined under a fluorescent microscope with Cy7 filter for PG-CpG-NIR813 (pseudo-green), rhodamine filter for Texas red or Alexa Fluor (red), and UV filter for 4 0 ,6-diamidino-2-phenylindole (blue).
Statistical Analysis
A mixed-effects linear model that accounts for intramouse correlation was fit to model tumor growth over time, with effects for time, treatment, and the interaction between time and treatment. Holm method was used to adjust for multiple comparisons. Analysis of variance was used to assess differences among groups separately by time point for NK cells in tumor and spleen. Dunnett procedure was used to adjust for multiple comparisons against the PBS control group.
RESULTS
Structure of PG-CpG
The structure of maleimide-modified PG conjugated to CpG by the 3 0 -acetylthio group of CpG (CpG-3 0 -SATA) is shown in Figure 1A . The conjugation and purity of PGCpG were analyzed by agarose gel electrophoresis, which showed absence of free CpG (CpG-3 0 -NH 2 ) or CpG-3 0 -SATA in PG-CpG (Fig. 1B) . The smearing of PG-CpG on the gel was due to the broad distribution of molecular weight and charge of PG, not to aggregation of the conjugates. CpG content in the conjugate was 25%-35% (wt/ wt). Each polymer chain was estimated to contain 2-3 CpG molecules. The structure of NIR dye-conjugated PG-CpG, PG-CpG-NIR813, is shown in Figure 1A . HPLC analysis of 111 In-labeled CpG (Fig. 1C) and 111 In-labeled PG-CpG (Fig. 1D) showed 97% and 95% radiochemical purity, respectively.
PG-CpG has Immunostimulatory Activity In Vitro
As shown in Figure 2A , the activation status of NK cells (NK1.1 + ), determined by MFI of CD69 expression, was similar between CpG and PG-CpG pulsed at various concentrations. Representative flow cytometry plots of PGCpG-treated, CpG-treated, and PG-treated cells and PBStreated and PMA/ionomycin-treated controls are shown in Figure 2C . At 100 mg/mL, the MFI of CD69 expression on NK1.1 + cells was 278 for PG-CpG and 274 for CpG, both of which values were similar to the value for the PMA/ ionomycin positive control (MFI = 210). The value for PGtreated cells (MFI = 21.9) was similar to the value for PBS background (MFI = 27.5). These data demonstrated that both CpG and PG-CpG potently stimulated and activated NK cells in vitro.
PG-CpG also triggered potent activation of macrophages (CD11b + ), albeit slightly less than CpG did. PG alone did not activate macrophages above the background level (Fig. 2B) .
Finally, measurement of interferon-g levels in the supernatant of activated splenocytes showed that PG-CpG induced a robust interferon-g response similar to the one induced by CpG (Fig. 2D) .
PG-CpG has Potent Antitumor Efficacy In Vivo
Using the subcutaneous mouse B16-OVA melanoma model, we found that intratumoral injection of PG-CpG as a single agent triggered significant antitumor activity against established tumors, resulting in significant inhibition of tumor growth compared with PBS or PG control groups (Fig. 3A) . Using a mixed-effects linear model for the overall comparison of the 4 groups, we found a highly significant group difference between the treatment (PGCpG and CpG) and control (PBS and PG) groups (P < 0.0001). Although the tumor growth curve for PGCpG treatment was below the curve for CpG treatment, tumor growth did not differ significantly between these 2 groups (P = 0.30). However, at day 16, tumor volumes were smaller in PG-CpG-treated mice (10.4, 21.8 (Table 1) . Furthermore, tumor volume shrank over time in 2 of the 5 mice treated with PG-CpG (mice #313 and 315) but none of the mice treated with CpG. In fact, 2 of 5 mice treated with CpG (mice #318 and 320) had tumor growth similar to that in control groups.
As shown in Figure 3B , although PG-CpG appeared to induce greater OVA-specific response than CpG did (indicated by tetramer-specific CD8 + T cells as a percentage of total CD8 + T cells in peripheral blood), neither the difference between the 2 groups at day 16 after tumor inoculation (P = 0.65) nor the difference between the 2 groups over the entire duration (P = 0.29) was significant.
PG-CpG and CpG treatments induced similar numbers of tumor antigen-specific CD8
+ T cells, whereas PBS and PG did not generate any tetramer-positive CD8 + T cells (data not shown). Representative flow cytometry data are presented in Supplemental Figure S1A , Supplemental Digital Content 1, http://links.lww.com/JIT/A449.
We also measured NK cell activation in tumor and spleen. As shown in Figure 3C (left), intratumorally injected CpG and PG-CpG significantly increased the percentage of CD69 + NK cells in the tumor at 6 hours (P = 0.007) and 5 days (P = 0.0003) after treatment compared with PBS and PG controls. However, whereas free CpG induced significant nonspecific activation of NK cells in the spleen at 5 days after treatment compared with PBS (P = 0.04), PG-CpG did not induce nonspecific NK cell activation in the spleen (Fig. 3C, right) . Representative flow cytometry data are presented in Supplemental Figure S1B , Supplemental Digital Content 1, http://links.lww.com/JIT/ A449. PG-CpG did not induce any change in spleen cellularity, and there was no significant difference in the weight of spleen at 7 days between the CpG and PG-CpG treatment groups (data not shown).
PG Delivery System Enhances Intratumoral Retention After Intratumoral Injection
To investigate mechanisms for the observed in vivo effects, we assessed the distribution of 111 In-labeled PGCpG and CpG following intratumoral injection. Significantly more 111 In-PG-CpG than 111 In-CpG was retained at the tumor site at 24 hours (31.2% ± 13.9% vs. 12.4% ± 6.3%; P = 0.025) and 48 hours (26.5% ± 17.0% vs. 4.7% ± 2.6%; P = 0.024) after injection (Fig. 4A) . Moreover, significantly more of the injected dose was retained in the draining inguinal lymph nodes after 111 In-PG-CpG injection than after 111 In-CpG injection at both 24 hours (2.9% ± 1.7% vs. 0.6% ± 0.6%; P = 0.01) and 48 hours (1.5% ± 1.2% vs. 0.37% ± 0.33%; P = 0.03) (Fig. 4A) . In comparison, uptake of both agents in the distant axillary lymph nodes was extremely low, and no difference was found between 111 In-PG-CpG and Seven days after subcutaneous inoculation of B16-ovalbumin (OVA) tumor cells in C57BL/6 mice, PG-CpG (50 mg equivalent CpG), CpG (50 mg), or PG (500 mg) was injected into the tumor in 100 mL volume. A, Tumor growth curves. The mixed-effects linear model was used for the overall comparison of the 4 groups over the entire growth curve. Tumor growth (P < 0.0001) was significantly inhibited with PGCpG or CpG treatment compared with control phosphate-buffered saline or PG. B, Tumor antigen-specific CD8 + T-cell responses. OVAspecific CD8 + T cells from peripheral blood were measured by OVA257-264 peptide-loaded tetramers with flow cytometry. The difference between PG-CpG and CpG was not significant (P = 0.65). C, Natural killer (NK) cell activation. After intratumoral injection of each reagent, cells were collected from tumor (left) and spleen (right) and analyzed for CD69 expression on NK cells. Analysis of variance was used to assess differences among groups separately by time point (6 h and 5 d) (*P < 0.05). Data are from 2 independent experiments with 5 mice per group.
PG-CpG is Efficiently Taken Up by Macrophages and pDC in Tumors
Four hours after intratumoral injection, PG-CpG-NIR813 (fluorescently labeled PG-CpG) was broadly distributed throughout the tumor. There were numerous tumor-associated macrophages (CD68-positive cells) in B16/F10 melanoma (Fig. 5A) . The polymeric conjugate colocalized to macrophages and was engulfed into the vesicular compartment (arrows) as seen at higher magnification (Fig. 5A) . We found that pDCs (BDCA-2-positive cells) were sparsely distributed in the B16/F10 tumors. However, at 4 hours after intratumoral injection, most pDCs had taken up PG-CpG-NIR813 (Fig. 5B ). These data suggest that both tumor-associated macrophages and pDCs were directly involved in the processing of PG-CpG-NIR813 (and PG-CpG).
DISCUSSION
Our in vitro and in vivo experiments demonstrated that conjugation of CpG to PG did not change the bioactivity of CpG and that PG-CpG elicited potent antitumor responses with respect to delaying tumor growth and triggering antigen-specific CD8 + T-cell responses in subcutaneously transplanted B16-OVA melanoma in C57BL/6 mice. Moreover, PG-CpG was retained in tumors and tumor-draining lymph nodes after intratumoral injection. Taken together, our data support the use of PG-CpG as an immunostimulatory TLR9 agonist.
Our previous studies suggested that PG is primarily taken up by tumor-associated macrophages, 19 and in the current study, we observed similar results with NIRconjugated PG-CpG. Several mechanisms may contribute to PG-CpGs observed antitumor activity, including (i) a depot effect, whereby PG-CpG is retained in the tumor for a prolonged period and CpG is slowly released from the site of its injection and (ii) enhanced delivery of CpG to dendritic cells and other antigen-presenting cells, such as macrophages, in the tumor-draining lymph nodes. Indeed, other studies of nanoparticles containing CpG have shown better immunotherapeutic activity than with free CpG following systemic administration, owing to the 2 aforementioned effects. [20] [21] [22] [23] For example, Liu et al 23 . PG-CpG was conjugated to near-infrared (NIR) dye as described and injected directly into tumors. Mice (n = 3) were killed at 4 hours after injection, and tumor sections were prepared for immunohistochemical analysis. CD68 (red) was used to stain for tumor-associated macrophages, and BDCA-2 (red) was used to stain for pDCs. PG-CpG-NIR813 waspeudocolored green and used in combination with 4 0 ,6-diamidino-2-phenylindole to identify PG-CpG uptake by macrophages (A) or pDCs (B) in tumors. (Fig. 3C) .
So far, several CpG-containing nanoparticles delivered by the subcutaneous route has been tested and shown to result in significantly enhanced immunostimulatory and antitumor activities compared with free CpG in animal models of melanoma. 8, [24] [25] [26] We used noninvasive imaging to evaluate mechanisms underlying enhanced immunostimulatory and antitumor activities of PG-CpG and found both increased and prolonged accumulation of PG-CpG in the tumor and draining lymph nodes. When CpG nanoparticles are delivered subcutaneously, co-incorporation of tumor-associated antigens into the CpG nanoparticles is often required to induce tumor-specific cytotoxic Tlymphocyte response. 8 Intratumoral administration may allow for the TLR9 activation and signaling to occur in the presence of or close to the source of tumor-associated antigens (the tumor itself). In our previous study, direct intratumoral injection of free CpG showed promise in an animal model of melanoma. 3 Moreover, intratumoral injection of a PG-CpG conjugate should restrict immune activation in the tumor, which may avoid systemic exhaustion of pDCs observed in previous studies. [4] [5] [6] [7] Intratumoral injection of PG-CpG, therefore, may enhance antigen-specific antitumor responses without the deleterious effects of free CpG.
PG is a biocompatible, biodegradable synthetic polymer composed of naturally occurring amino acid, L-glutamic acid. A drug delivery system based on PG, PGpaclitaxel, has advanced into clinical phase III studies. Advancing to such trials means that rigorous safety studies have been performed, including studies of long-term toxicity. Other nanoparticle carriers, such as carbon nanotubes, have been the subject of intense investigation including for the delivery of CpG but have not undergone such clinical evaluation. 27 Our current study shows efficacy of PG-CpG conjugate against a well-established solid tumor, which has not been observed with some other nanoparticle-CpG cancer models. 8, 28 It is thought that nanoparticles with a hydrodynamic diameter of 5-40 nm are suitable for sentinel lymph node targeting after subcutaneous injection. 29, 30 The hydrodynamic volume of PGconjugated contrast agents is 40-50 nm. 15 Taking together, PG polymer appears to be a suitable carrier for the delivery of CpG to tumor and draining lymph nodes and for localized T-cell priming. Future work on the use of PGCpG in combination with tumor antigen for local delivery as an adjuvant vaccination strategy or to potentiate the abscopal effect of other localized antitumor therapies is warranted.
